In the past two centuries, atmospheric methane has more than doubled and now constitutes 20% of the anthropogenic climate forcing by greenhouse gases. Yet its sources are not well quantified, introducing uncertainties in its global budget. We retrieved the global methane distribution using space-borne near-infrared absorption spectroscopy. In addition to the expected latitudinal gradient, we detect large-scale patterns of anthropogenic and natural methane emissions. Furthermore, we observe unexpectedly high methane concentrations over tropical rainforests revealing that emission inventories considerably underestimate methane sources in these regions during the time period of investigation (August-November 2003).
In the past two centuries, atmospheric methane has more than doubled and now constitutes 20% of the anthropogenic climate forcing by greenhouse gases. Yet its sources are not well quantified, introducing uncertainties in its global budget. We retrieved the global methane distribution using space-borne near-infrared absorption spectroscopy. In addition to the expected latitudinal gradient, we detect large-scale patterns of anthropogenic and natural methane emissions. Furthermore, we observe unexpectedly high methane concentrations over tropical rainforests revealing that emission inventories considerably underestimate methane sources in these regions during the time period of investigation (August-November 2003). 4 ) is, after carbon dioxide (CO 2 ), the second most important anthropogenic greenhouse gas (1) . It also has an indirect effect on the climate through chemical feedbacks (1, 2) . More than 50% of present-day global methane emissions are anthropogenic, the largest contributors being fossil fuel production, ruminants, rice cultivation and waste handling (3) . The natural source strength of CH 4 , mainly constituted by wetlands, is particularly uncertain since these emissions vary considerably in time and space (4, 5) and available ground-based measurements are sparse, albeit precise, and limitedly representative at larger scales. Better knowledge of the methane distribution and emissions is indispensable for a correct assessment of its impact on global change (1) . Observations from space now allow the global detection of spatial and temporal variations in atmospheric methane concentrations, thereby enabling identification of known sources and discovery of new ones, particularly in regions that are poorly sampled by existing surface measurement networks.
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The SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY) instrument (6) onboard ESA's European environmental research satellite ENVISAT records the intensity of solar radiation, reflected from the earth surface or the atmosphere, in more than 8000 spectral channels between 240-2390 nm. From these measurements, atmospheric trace gas concentrations (e.g. BrO, OClO, H 2 O, SO 2 , NO 2 , CH 2 O, O 3 , N 2 O, CO, CH 4 or CO 2 ) can be derived (7, 8) . The near infrared spectrometers are employed for global measurement of total columns of carbon monoxide and greenhouse gases carbon dioxide and methane. ENVISAT operates in a nearly polar, sunsynchronous orbit at an altitude of 800 km, crossing the equator at 10:00 AM local time. SCIAMACHY offers a variety of measurement geometries. For column retrievals, we choose the nadir mode in which the instrument points down almost perpendicular to the earth's surface, detecting reflected sunlight. The spatial extent of the ground pixels considered in this study is 60 km (east-west) by 30 km (northsouth). Global coverage is achieved every six days. CO 2 and CH 4 not only absorb thermal radiation from the earth system causing radiative forcing, but also solar radiation in the near infrared. Hence, these molecules can be measured by means of the proven method of differential optical absorption spectroscopy (9) (DOAS). To account for peculiarities of spectrometry in the near infrared (10, 11), we implemented a new modified iterative algorithm (IMAP-DOAS) (12) that enables precise and unbiased determination of vertical column densities (VCD, the vertically integrated concentration from surface to top of atmosphere) of methane and carbon dioxide. The negligibility of Rayleigh scattering proves to be a major advantage in the near infrared: In the absence of clouds and aerosols, most photons recorded by the instrument have thus been reflected at the earth's surface, thereby having traversed the entire atmospheric column twice. This renders the measurements sensitive to the lower troposphere, which is a prerequisite for the detection of near ground methane sources. In contrast, thermal-infrared sounders, which have also been employed to measure CH 4 (13) , exhibit a lack of sensitivity near the ground. However, they could derive methane abundances in the free troposphere and stratosphere, thus yielding more accurate information about the lower troposphere when synergistically combined with near-infrared retrievals.
Two main points affecting the retrieval in the near infrared have to be considered: First, the VCD of a well-mixed gas scales linearly with the total column of all atmospheric constituents, thus with surface pressure. Hence, we need a proxy for surface pressure to convert columns into mixing ratios. Second, clouds and aerosols can substantially alter the light path of the recorded photons. CO 2 exhibits only very small variations in its total columns and the retrieval window (1562-1585 nm) is spectrally close to the CH 4 retrieval window (1630-1670 nm). Thus, it is well suited as a proxy for both, surface pressure (or, in the presence of clouds, cloud top pressure) and changes in the light path due to partial cloud cover and aerosols. Consequently, we can derive the columnaveraged dry (no water vapour included) volume mixing ratio (VMR) of CH 4 in the atmosphere from the ratio of the CH 4 VCD ( ) and the CO 2 VCD ( ), scaled by the global and annual mean of the CO 2 column-averaged mixing ratio
Care should be taken not to confuse column-averaged VMRs with surface VMRs. Surface VMRs have a stronger response to emissions, while column averaged mixing ratios exhibit less variation and are slightly lower due to reduced methane VMRs in the stratosphere.
A retrieval bias is introduced by assuming a constant column-averaged VMR(CO 2 ), whereas in reality it varies globally and seasonally over a range (minimum to maximum) of about 11 ppmv or 3% (14) . This bias will be largest in Eurasia and North America north of 40 o N. However, south of 40 o N the bias can be assumed to be within 1.5% (14) . Note that methane enhancements may be masked by our method, in case of sources leading to similar relative enhancements of and (e.g., biomass burning for certain fire types).
In the next step, we discard all measurements exhibiting substantial cloud cover at altitudes significantly above the ground since we are primarily interested in variations in the lower troposphere. Fig.1a demonstrates how we extract appropriate measurements: highest CO 2 column observations show strong anti-correlation with surface altitude, illustrating the sensitivity to the boundary layer and being a first proof of the quality of the measurements. Strongly reduced column retrievals can be attributed to the shielding effect of clouds. We use a lower threshold of (red line) to obtain a suitable subset of measurements (grey pixels) representing the lower troposphere. A scatter-plot of and underlines the excellent correlation of both measurements in this subset (see Fig. 1b ). The deviations from the strictly linear correlation bear the actual information, i.e. the variations of the CH 4 column with respect to the CO 2 column, which is determined by the length of the light path and an only slightly varying CO 2 VMR.
Using only the aforementioned measurement subset, we averaged the CH 4 VMRs from August through November 2003 on a horizontal grid (1°x1°) as shown in Fig. 2 . The latitudinal gradient in the methane VMRs can be seen, with strongest gradients, as expected, across the Intertropical Convergence Zone (ITCZ). Apart from this gradient, large scale and strong methane enhancements are observed in various parts of the world. The largest abundances are found in the Gangetic plains of India, South-East Asia and parts of China. According to current emission inventories ( fig. S1 ) (3), the sources can be mostly attributed to rice cultivation in this time period, and to a lesser extent, to domestic ruminants. Wetlands presumably cause the observed high abundances in central Africa and Manchuria in China. Fossil fuel production can be associated with enhanced CH 4 VMRs over the industrialised Yellow-river basin in China and the Appalachian basin (coal mining) in the eastern USA. Wastetreatment related emissions are likely to add to these in populated areas.
To substantiate our findings, we compared the measurements with methane concentration fields simulated using a global chemistry-transport model (TM3) (15) that takes current emission inventories (16, 17) into account (see also fig. S1 ). The modelled enhancements in the USA and Asia as well as the north-south gradient (Fig. 3 ) strongly resemble the methane VMRs retrieved by SCIAMACHY in magnitude and spatial extent (Fig. 2) . Additionally, persistent long-range transport features are observed, most clearly over the Pacific, east of Japan (movie S1 and Fig. 2 ). In principle, the model enables discrimination of emissions and transport, e.g. evident in November 2003, with Africa strongly influenced by methane transported from South-Asia (movie S1).
Although the general agreement between the measurements and the model is very good ( fig. S2 ), there are discrepancies in India and in the tropics (Fig. 3b) . The measured abundances over India are lower than simulated by the model. This indicates that the rice emissions used in our model runs (amounting to 80 Tg per year) are probably overestimated. In contrast, SCIAMACHY retrievals in the tropics are up to 4% (70ppbv) higher than predicted by the model.
We verified that this discrepancy cannot be attributed to a retrieval error dependent on solar zenith angle, light-path changes or albedo (see supporting text). A model bias, such as an underestimation of the stratospheric methane abundances or large errors in the modelled distribution of OH radicals, can also be excluded (see supporting text). The higher methane VMRs of the measurement compared to the model can thus be explained either by tropical methane emissions not considered in the model, a regional CO 2 depression relative to the annual global mean, or some combination of both. Although CO 2 flux estimates in the tropical landmasses are uncertain (18) , the required depression in the CO 2 column (3-4%) would be of an improbably high magnitude (14) . Hence, we conclude that tropical CH 4 sources in our model are underestimated.
The underestimation may be related to biogenic methane emissions since there is a strong spatial correlation between the discrepancies and the presence of broadleaf evergreen forest ( fig. S3) (19) . Model simulations indicate that an additional tropical methane source of around 30 Tg over the considered time period (August-November) is needed if the discrepancy is fully assigned to methane sources. For comparison: the tropical source in our model is 45 Tg (table S1). Potential candidates for the enhanced source include wetlands, biomass burning, termites, cattle breeding in pastures, or a hitherto unknown methane source that might be directly related to the broadleaf evergreen forest. Wetland emissions, in particular in the Amazon, appear to be underestimated in our model (e.g. Melack et al. (20) estimate an annual source of 29 Tg CH 4 for the Amazon, while we used 8 Tg), but the investigated period coincides with the dry season in most of the tropics, when wetland emissions are supposed to be lowest (20, 21) . However, in the dry season also unaccounted biomass burning can contribute to the discrepancy. Tropical fires are characterized by a molar CH 4 /CO 2 ratio (22) that is more than twice the ratio of their respective background concentrations. Hence, our measurements are sensitive to these fires. Finally, termites constitute a significant but poorly constrained tropical methane source (23) . Further validation measurements and process-based investigations for the considered season in the evergreen forests of tropical South America, Africa and Indonesia are needed to conclude which source type is responsible for the observed discrepancy and to what extent this discrepancy is due to an underestimated or hitherto unknown methane source. In addition, investigations of satellite data for longer time periods are necessary to estimate the annual methane excess and to constrain the source attribution.
An additional methane source of 30 Tg in four month is large but can be accommodated by the uncertainty in the global budget, which is estimated to be 50-100 Tg yr -1 (1) .
Further, it is important to note that surface observations (24) are not in disagreement with a large additional tropical source. Methane emitted in the tropics is generally rapidly uplifted by convection, so that the surface stations, which are located in remote ocean sites, are sensitive to these emissions only to a limited extent. Inverse modelling studies based on ground-based measurements (25, 26) have also indicated higher tropical emissions than estimated from bottom-up inventories. However, this evidence has been rather indirect and uncertain. The present satellite measurements over the tropical landmasses are sensitive to the entire atmospheric column, thus directly reflecting enhancement patterns. Global measurement from space has, for the first time, proven feasible for detection of CH 4 emissions. The satellite's ability to sense sources globally is unique and opens a new window for the analysis of the biogeochemical cycle of methane and anthropogenic impacts. With SCIAMACHY hopefully in operation for several years to come, we should be able to examine the temporal and spatial variations of CH 4 over longer time periods. The integration of these measurements with atmospheric models and precise groundbased observations should greatly reduce uncertainties in the methane source strength, helping draw a consistent picture of the global methane budget. This will be of high priority for climate research. Only few observations are available over the ocean, since low ocean reflectivity substantially reduces the quality of the retrieval, leading in turn, to unreliable measurements (standard deviation of the fit residual above 0.5%) that are discarded. Occasionally, sun glint or clouds at low altitudes allow measurement over the ocean. (+/-1% relative difference). The largest discrepancies can be seen over tropical broadleaf evergreen forests in South America, central Africa and Indonesia. In these areas, measured values are persistently higher than predicted by the model. Prevailing wind directions cause transport of these discrepant concentrations over the oceans (e.g. north-west of South America or west of Africa).
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